Purpose of Review In the past several years, there have been significant advances in our understanding of the natural history of rotator cuff disease. Studies have continued to provide valuable insight into the clinical, radiographic, and anatomic features of these atraumatic tears. Our purpose is to summarize the findings and contributions from these recent high-quality studies. Recent Findings Current research has continued to describe and provide understanding into the natural history of atraumatic rotator cuff disease, including symptom progression, tear enlargement, and the development of arthritis. This knowledge has allowed identification of tears with higher risk of disease progression. Additionally, studies have investigated, with long-term healing data, whether the natural history of degenerative rotator cuff tears can be altered with surgical intervention. Summary Recent studies have shown encouraging mid to long-term healing data and clinical outcome scores for smaller tears in younger patients with minimal fatty infiltration. Future research should focus on obtaining long-term healing data, functional outcome data, and refining surgical indications for rotator cuff repair. Identifying patients with specific tear characteristics amendable to healing will allow us to provide a long-term, durable repair, thus interrupting the natural history of degenerative rotator cuff disease.
Introduction
Over the last two decades, there has been much research that has helped clinicians better understand the natural history of degenerative rotator cuff disease. These studies, often relying on abnormalities in the asymptomatic shoulder, suggest that atraumatic rotator cuff tears are part of the normal aging process in many individuals [1] . In a systematic review investigating the prevalence of rotator cuff disease with increasing age, Teunis et al. showed that abnormalities ranged from 9.7% in patients aged 20 years and younger and increased to 62% in patients of 80 years and older [2] . This increase persisted regardless of the presence of symptoms.
Patients with unilateral shoulder pain are also at an increasingly age-related greater risk of possessing a rotator cuff tear in their contralateral, asymptomatic shoulder. In a comparative study of patients with unilateral shoulder pain, the average age for a patient without a rotator cuff tear was 48.7 years [3] . The age increased to 58.7 years for a unilateral tear, and 67.8 years for those with a bilateral tear. A 50% likelihood of bilateral tear was shown to be after the age of 66 years. Although age was linked with the presence and type of rotator cuff tear, it was not linked to the size of the tear.
Studies investigating the initiation and propagation of rotator cuff tears have improved our understanding to the pathogenesis of rotator cuff disease. Kim et al., in an analysis of 360 shoulders with partial or full-thickness tears, showed the location of 15 to 16 mm posterior to the biceps tendon to be the most commonly torn location within the posterior cuff tendons ( Fig. 1) [4] . Furthermore, the patterns of tear location across multiple tear sizes, generated on frequency histograms, suggest that degenerative cuff tears may initiate in a region 13 to 17 mm posterior to the biceps tendon. From this location, tears then propagate as the disease progresses. This study highlighted to common tear location to be within the rotator crescent often sparing the anterior cable insertion of the supraspinatus. The authors showed that only 30% of fullthickness rotator cuff tears involved the most anterior aspect of the supraspinatus tendon footprint.
Tear size and tear location have been shown to correlate closely with fatty degeneration of rotator cuff muscles. In a study investigating these factors in 413 shoulders, fatty degeneration was seen on ultrasound imaging almost exclusively in full-thickness tears [5] . In shoulders with fatty degeneration, tear length and width were significantly larger. In addition, as the distance measured from posterior to the biceps tendon and to the anterior edge of the rotator cuff tear decreased, the number of fatty infiltrated muscles increased. Regression analysis demonstrated that tear size was the most important predictor of infraspinatus degeneration, whereas disruption of the anterior supraspinatus tendon was the most important predictor of supraspinatus muscle degeneration.
Proximal migration is commonly seen in rotator cuff deficient shoulders via alteration of normal glenohumeral kinematics. It has been shown that the size of the tear correlates strongly with humeral migration and is the strongest predictor of migration in symptomatic shoulders [6] . A tear area threshold of 175mm 2 was identified as a critical size, which demonstrated a positive correlation to migration. Smaller tears did not demonstrate significant correlation with migration regardless of the presence or absence of pain. Greater involvement of the infraspinatus leads to significantly greater alteration of glenohumeral kinematics.
On the basis of these and other studies, the natural history of atraumatic rotator cuff disease follows a predictable clinical path. As patients age, asymptomatic full-thickness rotator cuff tears increase in incidence. These tears initiate at the junction of the posterior supraspinatus and anterior infraspinatus within the rotator crescent, propagating from that point. As the tear size increases, the amount of fatty degenerative changes increases, as does the number of muscles involved. Once the tear size progresses to a critical tear threshold, proximal humeral migration is observed. More recent research from the last 3-5 years has focused on continuing to describe and understand the natural history of atraumatic rotator cuff disease, including symptom progression, tear enlargement, and the development of arthritis. Additionally, studies have investigated, with long-term healing data, whether the natural history of atraumatic rotator cuff tears can be altered with surgical intervention.
Recent Advances

Radiographic Studies
In the evaluation of rotator cuff pathology, distinction between tear initiation resulting from trauma and atraumatic degenerative tearing may pose a challenge. In the clinical evaluation of a patient with shoulder pain, a history of trauma may not clearly exist. As the management of acute, traumatic tears can differ from atraumatic, degenerative tears, this distinction is important [7] . Upon analyzing radiography and magnetic resonance imaging (MRI) features of 50 patients with rotator cuff lesions, Loew et al. observed a number of MRI features suggestive of a traumatic etiology [8] . On MRI, edema in the injured muscle and a kinking, wave-like appearance of the central tendon was more suggestive of trauma, while more muscular fatty infiltration was found in the atraumatic group (Fig. 2) . Interestingly, thinning and the degree of tendon retraction did not differ between the two groups.
Another radiographic study investigated acromial morphological characteristics, with a particular focus on the critical shoulder angle (CSA) and its association with rotator cuff disease [9] . In a comparison of longitudinally collected data, 313 patients with asymptomatic rotator cuff tears were evaluated with ultrasound and radiographs annually for a median of 4 years. A second group of 119 patients diagnosed with adhesive capsulitis and normal radiographs served as controls. Only 326 (21%) of 1552 radiographs were of sufficient quality to measure the CSA due to the influence of scapular position on boney landmarks as defined by Suter et al. [10] . Patients with cuff tears had a slightly higher (mean of 2°) CSA, but the CSA was not different between enlarging and stable tears, it did not change over time, and it did not correlate with baseline tear length. The authors concluded that the CSA is unlikely to be related to degenerative rotator cuff disease. The association of CSA and rotator cuff disease continues to be debated as some authors have noted a positive correlation of rotator cuff tears with a larger CSA [11] [12] [13] . 
Tear Progression and Pain Development
It has been well established that there is a time-dependent risk of tear enlargement in shoulders with degenerative rotator cuff tears. Examination of the natural history of cuff disease may be best performed in asymptomatic tears where no treatment, which may influence tear progression, is necessary. Keener et al. prospectively studied 224 asymptomatic shoulders over a median 5.1 years with an asymptomatic rotator cuff tear in one shoulder and contralateral pain due to rotator cuff disease [14••] . Tear enlargement was seen in 49% of shoulders at a median 2.8 years. Through the duration of the study, 46% of shoulders developed new pain. Full-thickness tears progressed in size, became symptomatic, and demonstrated progression of muscle degeneration more frequently than partial-thickness tears and normal controls. The 2 and 5-year risk of tear enlargement were 11 and 35% for partial tears compared to 22 and 50% for full-thickness tears. Tear enlargement was also associated with hand dominance suggesting that activity level may play a role in tear progression. The presence of tear enlargement was associated with new pain in all tear types; however, this relationship was not absolute (hazard ratio of 1.66). Currently, the factors most responsible for pain development in shoulders with asymptomatic tears have not been clearly defined.
Recent research has more closely examined patterns of tear progression for degenerative rotator cuff tears. Regarding tear propagation, 139 asymptomatic tears followed for a median of 6 years were classified based on the integrity of the anterior 3 mm (rotator cable) of the supraspinatus tendon [15] . These rotator cable-intact tears propagated by ultrasound bidirectionally (median of 5 mm anteriorly and 4 mm posteriorly), while cable-disrupted tears propagated a median of 7 mm posteriorly. There was no difference in risk of enlargement or time to enlargement based on the integrity of the anterior supraspinatus (Fig. 3) . In small to medium-sized rotator cuff tears, the influence of the integrity of the anterior supraspinatus tendon was evaluated with both patientreported outcomes and with postoperative ultrasound following surgical repair [16] . Disruption of the anterior supraspinatus tendon in painful small and medium tears was associated with greater tear size and supraspinatus muscle degeneration compared to tears with an intact anterior supraspinatus tendon. However, anterior tendon integrity had no influence on baseline function, postoperative functional parameters, or tendon healing rates.
Patient-related factors such as activity level have been recently examined as a risk factor for tear progression over time. A study of 346 asymptomatic rotator cuff tears over 4.1 years demonstrated that tear enlargement and pain development was more common in the dominant shoulder, yet shoulder activity level and occupational demand were not related to tear progression risks [17•] . Patients with higher occupational demands were more likely to develop pain. Dunn et al., in a cohort of 393 patients with full-thickness rotator cuff tears treated conservatively, showed that the anatomic features defining the severity of atraumatic rotator cuff tears were not associated with pain level [18] . These authors demonstrated that the patient-related factors of medical comorbidities, lower education level, and race rather than tear-related factors were associated with pain severity. Additional studies investigating the risk of rotator cuff tear enlargement are highlighted in Table 1 
Fatty Muscle Degeneration
While it has been shown that fatty muscle degeneration is seen almost exclusively in full-thickness tears, the progression of fatty degeneration over time had not previously been studied in the natural history of atraumatic rotator cuff tears. In a study with 156 asymptomatic full-thickness rotator cuff tears followed for a median of 6.0 years, the presence of muscle degeneration was seen in older patients, with larger tears at baseline (13.0 vs 10.0 mm) and in tears that enlarged during follow-up (79 vs 58% that did not enlarge) [24••] . Progression of muscle degeneration, when present, was greater in tears that enlarged compared to stable tears (43 vs 20%). Additionally, progression of muscle degeneration was more frequent in tears that enlarged when the baseline tear size was greater (15.0 vs 10.0 mm), the magnitude of enlargement was greater (9 vs 5 mm), and with disruption of the anterior supraspinatus tendon insertion (53 vs 17%), although this latter relationship was lost when controlling for baseline tear size. The authors noted a wide distribution of the temporal relationship of tear enlargement to the progression of muscle degeneration; however, the median time to progression of muscle changes in relation to tear enlargement was 1.0 year for the supraspinatus and 1.1 years for the infraspinatus.
Arthritis Progression
Until recently, little information regarding the risks of progression of radiographic cuff tear arthropathy in untreated rotator cuff tears was unknown. Over an average 8-year period, Chalmers et al. showed significant progression of glenohumeral arthritic changes in shoulders with a wide range of cuff tear severity, although these changes remained minimal [25] . The presence of a cuff tear (partial or full thickness) influenced progression in Hamada grade, but the magnitude of radiographic progression did not appear to be influenced by the cuff tear size or cuff tear enlargement. Although advancing proximal humeral migration was seen in some shoulders, it is important to note that severe arthritic changes were rarely seen over this 8-year timeframe.
Nonoperative Management
Debate exists among providers regarding how atraumatic rotator cuff tears are best managed clinically. One large database study investigated treatment modality trends in Medicare patients over an 8-year period in patients diagnosed with a rotator cuff tear [26] . Overall, they found a decrease in the utilization of initial nonoperative treatment modalities and a corresponding rise in rate of surgery. The proportion of patients treated initially with therapy decreased from 30% in 2005 to 13.2% in 2012. The use of subacromial and glenohumeral injections decreased from 6.0 to 4.2%, while the rate of surgery increased from 33.8 to 40.4%. Those patients undergoing repair had a significantly lower Charlson comorbidity index.
The MOON Shoulder Group, in a multicenter study, evaluated predictors of failure of nonoperative treatment of chronic, symptomatic, full-thickness rotator cuff tears [27•] . Tear characteristics and the severity of shoulder pain and weakness did not predict failure of the nonoperative group. Instead, the strongest predictor of failure was low patient expectations about the effectiveness of physical therapy. Other predictors included activity level and a nonsmoking status.
A long-term study following the natural course of selected rotator cuff tears treated nonoperatively was conducted in 49 shoulders at a mean of 8.8-year follow-up [28••] . In this subgroup of shoulders, variability in tear enlargement was found. The mean tear width increased 8.3 mm; however, one third of shoulders increased more than 10 mm. Progression of degenerative muscle changes to a Goutallier stage 3 or 4 was observed in 41% by MRI at final follow-up. Half of the shoulders progressed from an initially good prognosis for a successful anatomical repair to a poor prognosis. Clinically, the authors found a significant decline in ASES and Constant scores when tear enlargement greater than 20 mm occurred or when progression of muscle degeneration was seen.
Kukkonen et al. performed a randomized controlled trial of shoulders with symptomatic, atraumatic full-thickness supraspinatus tears with 2 years of follow-up [29] . Patients were randomized into one of three treatment groups consisting of either physical therapy, acromioplasty and physical therapy, or rotator cuff repair, acromioplasty, and physical therapy. At follow-up, the authors found no significant differences in the mean change of Constant scores among 167 shoulders in 160 patients. Visual analog pain scales and patient satisfaction were not significantly different among the treatment groups. In another randomized controlled trial in patients with degenerative full-thickness cuff tears, 31 patients were treated nonoperatively, and 25 underwent surgical repair [30] . Differences in functional outcomes measured by the Constant score were not observed at 1 year of follow-up. Differences in VAS pain and disability were significant and in favor of surgical treatment. Surprisingly, the authors reported a retear rate of 73.7% on MRI at follow-up, and concluded that the best outcomes in function and pain were seen in surgically treated patients with an intact cuff repair postoperatively. Moosmayer et al. performed a randomized control trial comparing nonoperative treatment to surgical repair in 103 shoulders with full-thickness rotator cuff tears less than 30 mm with a minimum of 5 years of follow-up [31••] . Both surgical intervention and physical therapy were successful in treating the tears; however, close to one quarter of the therapy group failed treatment and underwent delayed surgery. Tears managed surgically had significantly better ASES (9 points) and Constant scores (5.3 points) and VAS analog pain scores (1.1) than the shoulders treated with physical therapy. The authors noted declining function and increasing tear size in 37% of shoulder treated with physical therapy. The authors concluded that the beneficial effect of surgery was clinically negligible as the difference between groups did not reach the minimal clinically important difference for the outcome scales.
Healing Data
Successful interruption of the natural history of degenerative rotator cuff disease with surgical intervention is predicated on obtaining a durable repair and consistent clinical results.
Previous research has established that the most important variable influencing the rate of tendon healing to be the age of the patient, the tear size, and the severity of fatty muscle degeneration/infiltration. Recent literature has investigated the extent at which variable demographic, anatomic, and radiographic characteristics affect the rate of obtaining a durable surgical repair of atraumatic rotator cuff tears. Park et al. investigating variable prognostic factors affecting healing in small to medium-sized tears [32•] . Overall, they found a 13.3% retear rate on MRI at least 1 year after surgery in 339 patients undergoing arthroscopic repair. They concluded that a tear size of 2 cm is the threshold for healing, noting a 34.2% retear rate for repairs greater than 2 cm vs 10.6% of tears equal to or less than 2 cm. The other independent prognostic factors for poor rotator cuff healing in this study tears were higher grade infraspinatus fatty infiltration (Goutallier grade II or higher) and age greater than 69 years.
The effect of tendon retraction and healing has also been investigated [33] . The authors correlated rotator cuff musculotendinous junction (MTJ) retraction with healing in 51 patients treated by a single-row technique. By referencing the MTJ with respect to the glenoid on preoperative MRI studies compared to postoperative repair integrity, they showed 93% healing with a MTJ lateral to the glenoid face and only 55% healing if medial to the face. Overall, 76% of tears healed, with 87% healing in small/medium tears and 62% healing in large/massive tears.
In a review of 1300 consecutive patients undergoing arthroscopic rotator cuff repair, Tan et al. studied the effect of tear mechanism on tendon healing [34] . A preoperative questionnaire was utilized to identify cohorts of patients with or without a history of trauma on presentation. There was no statistically significant difference in the retear rates of the "no trauma" group (12%) compared to the trauma group (14%) at 6 months postoperatively on ultrasound. However, the patients with a history of trauma who waited longer than 24 months had higher retear rates (20%) that those who had surgery earlier (13%). The overall retear rate was 14%. Multiple similar studies by the same group have investigated variable factors and their subsequent effect on retear rates. In 1600 consecutive arthroscopic rotator cuff repairs, a low rate of rotator cuff retears was shown in patients less than 50 years old, with a linear retear rate between ages 50 and 69, increasing 5% between decades. Retears increase significantly in patients aged 70 or older [35•] . The overall retear rate was 13% [36] . Significant improvement in pain levels with overhead activity, as well as range of motion with forward flexion and abduction, was seen irrespective of cuff integrity. Repair integrity positively influenced supraspinatus and external rotation power. In another study, smaller tears were shown to have fewer retears (7% in tear size < 2 cm 2 vs 44% in tear size > 8 cm 2 ). Patients with smaller tears had more pain during the 6-week to 6-month postoperative period than larger tears [37] . The authors hypothesized a more robust healing response in the smaller tears, leading to more postoperative pain.
In a multicenter study, isolated supraspinatus tears treated surgically were evaluated 10 years postoperatively providing an improved understanding of the durability of rotator cuff repair surgery. Collin et al. reviewed 288 subjects clinically with MRI follow-up on 210 shoulders. [38••] . Subjects had considerable improvement in clinical outcomes that remained durable at 10-year follow-up. The mean Constant score improved from 51.8 preoperatively to 77.7 at final follow-up. The final Constant score was positively associated with an intact repair and inversely associated with preoperative muscular fatty infiltration. Healing was seen in 81% of shoulders at final follow-up.
Future Research
The last half-decade has seen significant advances in our understanding of the natural history of rotator cuff disease. Studies have continued to provide valuable insight into the clinical, radiographic, and anatomic features of these atraumatic tears. Healing data in postoperative patients has allowed us to refine surgical indications based on predictive factors for successful or unsuccessful repair.
One study has provided an algorithm for surgical indications by classifying rotator cuff tears into three categories based on the relative risks of nonoperative management and potential benefits of surgical management [39] . Group I, or the early operative repair group, includes shoulders with a fullthickness tears as a result of a distinct, acute event as well as younger patients (under 62-65 years) with small to medium full-thickness tears with minimal or no atrophy. Given recent natural history data, an increased benefit to early surgical intervention may be amplified if the tear is greater than 15-20 mm in size or when there is disruption of the anterior cable attachment of the supraspinatus. Consideration for early surgical intervention is given based on the established risks of tear enlargement and progression of muscle atrophy in a patient still able to heal the repair. Group II includes partial thickness tears and atraumatic degenerative tears with signs of chronicity. These tears warrant a trial of initial nonoperative management and may respond to surgery if nonoperative management fails. Group III includes tears that are unlikely to heal. Nonoperative treatment should be maximized. These tears include tears in older patients (> 70 years), chronic and retracted full-thickness tears with muscle degeneration, and tears with fixed proximal humeral migration. Conservative treatment should be maximized for these patients.
Future research on the natural history of atraumatic rotator cuff tears should focus on continuing to understand the factors related to pain development, which have remained elusive. Additionally, obtaining long-term healing and functional outcome data as they relate to various stages of rotator cuff disease will allow for refinement of surgical indications for rotator cuff repair.
Conclusions
Our understanding of the natural history of atraumatic rotator cuff disease has grown significantly. Recent studies have shown encouraging mid to long-term healing data and clinical outcome scores for smaller tears in younger patients with minimal fatty infiltration. Larger tears in older patients with advanced stages of fatty infiltration have shown less promising results with attempted surgical repair. Continued study of the natural history and disease progression will lead to more refined surgical indications, thus optimizing outcomes. Identifying patients with specific tear characteristics amendable to healing will allow us to provide a long-term, durable repair, thus interrupting the natural history of atraumatic rotator cuff disease.
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